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Abstract A mathematical model for the biodegradation of
magnesium is developed in this study to inspect the corro-
sion behaviour of biodegradable implants. The aim of this
study is to provide a suitable framework for the assess-
ment of the corrosion rate of magnesium which includes the
process of formation/dissolution of the protective film. The
model is intended to aid the design of implants with suit-
able geometries. The level-set method is used to follow the
changing geometry of the implants during the corrosion pro-
cess. A system of partial differential equations is formulated
based on the physical and chemical processes that occur at
the implant-medium boundary in order to simulate the effect
of the formation of a protective film on the degradation rate.
The experimental data from the literature on the corrosion
of a high purity magnesium sample immersed in simulated
body fluid is used to calibrate the model. The model is then
used to predict the degradation behaviour of a porous or-
thopaedic implant. The model successfully reproduces the
precipitation of the corrosion products on the magnesium
surface and the effect on the degradation rate. It can be used
to simulate the implant degradation and the formation of the
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corrosion products on the surface of biodegradable magne-
sium implants with complex geometries.
Keywords mathematical modelling · biodegradable
metals · level-set method · finite element method
1 Introduction
The rate and quality of bone fracture healing depend greatly
on the mechanical stability achieved at the fracture site.
Nails, pins and plates are often used to stabilise the fracture.
Titanium and stainless steel are the most commonly used
materials (?). Porous scaffolds are also used in order to pro-
vide an initial template for tissue attachment (Guyot et al.,
2014). One of the major disadvantages of these fixation de-
vices is the need for a second surgery to remove the implant.
Much attention is therefore paid towards the development of
biodegradable materials for orthopaedic applications.
Magnesium and its alloys have the potential to be used
as a material in the production of biodegradable implants
for bone fracture fixation for two reasons. Firstly, magne-
sium alloys have a density of 1.7−2.0 g/cm3 and a Young’s
modulus of 31−45 GPa, which are close to those of natural
bone (1.8−2.1 g/cm3 and 3−20 GPa respectively) (Staiger
et al., 2006; ?; Xin et al., 2011). This minimises the “stress-
shielding” effect which is the decrease in bone density fol-
lowing the decrease in loading on the bone as the fixation
device takes most of the load (?). Secondly, magnesium is
one of the most abundant elements present in human blood.
The daily intake of magnesium for a normal adult is about
300− 400 mg and excess Mg2+ ions can be gradually ab-
sorbed, consumed or excreted by the human body (Song,
2007). It has also been reported that the release of Mg2+
ions by the magnesium-based implants can stimulate hard
callus development at fracture sites (Xin et al., 2011).
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One of the concerns about magnesium-based implants
is their high degradation rate, particularly in chloride-ion-
containing solutions, such as body fluid. (Song, 2007). In
the case of orthopaedic implants, it is important to main-
tain a low degradation rate for the following reasons: (i) the
scaffold must maintain its mechanical integrity long enough
for the bone to sufficiently regenerate (Mueller et al., 2009)
– it is suggested in (Staiger et al., 2006) that the typical
timescale is 12-18 weeks, (ii) magnesium degradation in
an aqueous environment is known to produce hydrogen gas
which may form harmful bubbles inside the body.
Common methods used to control the biodegradation
rate of magnesium (Mg), while at the same time influenc-
ing its mechanical properties, are alloying and purification.
The degradation behaviour of Mg-based alloys is affected
significantly by the distribution of the intermetallic phases
and the presence of impurities (Fe, Ni, Cu, and Co) (Wen
et al., 2009).
Fe, Ni, Cu and Co are termed impurities because their
presence in the sample may greatly accelerate the degra-
dation rate. As a result of their low solid-solubility limits
in Mg, they tend to form second phases at a very low con-
centration. These second phases have a low hydrogen over-
voltage and act as cathodes for the galvanic corrosion. The
degradation rate may therefore increase 10- to 100-fold if
the impurity contents are above certain thresholds (Song and
Atrens, 1999).
The in vitro degradation rate of Mg-based implants is
commonly assessed by a hydrogen evolution method. The
material is immersed in an NaCl solution, simulated body
fluid (SBF) or a balanced salt solution (e.g. Hank’s solu-
tion), and the amount of dissolved material is measured over
a period of a few hours to a few weeks by measuring the
amount of hydrogen produced. For an excellent review of
other corrosion rate measurement techniques, see (Kirkland
et al., 2012).
Since these tests take a substantial amount of time, it
would therefore be beneficial to have a mathematical model
to estimate the degradation rate of a sample of given geom-
etry. A number of such models are already present in the
literature, each of them focusing on a different aspect of
the corrosion of Mg. Models based on the Continuum Dam-
age (CD) theory were presented in (Gastaldi et al., 2011)
and (Grogan et al., 2011). CD theory, in this case used in
a Finite Element (FE) framework, allows the modelling of
corrosion resulting from different mechanisms. In (Gastaldi
et al., 2011), uniform microgalvanic corrosion is coupled
with stress cracking corrosion, whilst the study in (Grogan
et al., 2011) focuses on non-uniform, pitting microgalvanic
corrosion and ignores the stress cracking. Both models share
a purely phenomenological approach to microgalvanic cor-
rosion and are used to predict the loss of ability to maintain
load by metallic stents.
A different approach has been proposed in (Grogan
et al., 2014), in which the sample degradation is consid-
ered as a moving-boundary problem and transport-driven
corrosion is modelled. The model focuses on the first hour
of corrosion after immersion and hence it ignores the for-
mation of the protective film completely. Partial differen-
tial equation models which take into account galvanic cor-
rosion include (Wilder et al., 2015), where the finite dif-
ferences method coupled with the level-set method is used
to simulate the anode-cathode interactions. A very detailed
and well-parametrised approach to galvanic corrosion is de-
scribed in (Sun et al., 2013), where the effects of the corro-
sion deposits on the degradation are considered.
A semi-quantitative mathematical model based on
transport-driven corrosion is proposed in this study which
aims to provide a suitable computational framework for the
asessment of the degradation rate of the implants prior to the
conduction of any in vitro or in vivo experiments.
2 Computational framework
2.1 Corrosion mechanism
The corrosion of magnesium is a relatively well-studied
electrochemical process and can be summarised by the fol-
lowing reactions (Witte et al., 2008):
Mg −→ Mg2++2e−, (1)
2H2O+2e− −→ H2+2OH−, (2)
Mg2++2OH− −→ Mg(OH)2 . (3)
In the anodic reaction in (1) Mg ionises to Mg2+. The elec-
trons then react with water molecules as shown in (2). A
fraction of Mg2+ ions reacts with OH− ions to form a pro-
tective layer of magnesium hydroxide (Mg(OH)2) in the
precipitation reaction in (3), whilst the rest dissolves into the
surrounding medium. However, in the presence of chloride
ions in a salt solution, magnesium hydroxide is converted
into magnesium chloride (MgCl2) through the following re-
action:
Mg(OH)2+Cl− −→ MgCl2+2OH− . (4)
MgCl2 has a much higher solubility in water than
Mg(OH)2, therefore Cl− ions have the effect of break-
ing down the protective film and enhancing the corrosion
rate (Birbilis et al., 2009). Crucially, one mole of Mg dis-
solved corresponds to one mole of H2 produced and hence
measuring the weight loss of Mg is equivalent to measuring
the amount of hydrogen produced.
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2.2 Level-set method
The level-set method (Chen et al., 1997; Guyot et al., 2014;
Wilder et al., 2015) was chosen in order to capture the com-
plicated and volatile topology of the porous scaffold during
its degradation. The domain is subdivided into two time-
dependent subdomains:Ω1 (the solid) andΩ2 (the medium).
The level-set function φ is a signed distance from the in-
terface with φ > 0 in Ω1 and φ < 0 in Ω2. The interface
between the two domains is denoted by Γ and is implicitly
given by φ = 0. The role of φ is to implicitly track the move-
ment of the interface Γ .
If the interface Γ moves at a velocity v (extended con-
tinuously to the whole domain), the corresponding level-set
equation is
∂φ
∂ t
+v.∇φ = 0 , (5)
with a zero-flux boundary condition. This equation ensures,
that the interface Γ moves at the correct speed.
It is assumed that the movement is in the direction nor-
mal to the interface, so that
v = v
∇φ
|∇φ |
and equation (5) becomes
∂φ
∂ t
+ v|∇φ |= 0 . (6)
One of the problems associated with equation (6) is that
after one iteration of the implicit Euler algorithm used in
the simulations, the function φ ceases to be a signed dis-
tance function. To overcome this issue, the level-set func-
tion φ is reinitialised at each time step. The signed dis-
tance is calculated explicitly using the open-source software
mshdist (Dapgony and Frey, 2012).
2.3 Equations and variables
The model takes the form of a set of three reaction-diffusion
differential equations and a level-set equation. These are
used to describe the time evolution of the three most signif-
icant variables participating in the degradation process: the
concentrations of magnesium ions, the protective film and
the chloride ions, denoted respectively [Mg], F and [Cl], and
all of which are measured in g/mm3.
F is the concentration of the protective film which forms
on the surface of the scaffold in reactions (3) and (4). In wa-
ter it consists only of Mg(OH)2, but in the presence of other
ions in the medium it may also contain MgCl2 (Cl− ions),
Mg3(PO4)2 (HPO2−4 ions) and giorgiosite (HCO
−
3 ions).
Mg3(PO4)2 and giorgiosite are stable and offer good pro-
tection from corrosion. Some authors also report MgO be-
ing present in the protective film (Xin et al., 2011; Song and
Atrens, 1999). Here it is assumed that the film consists only
of Mg(OH)2.
The model simplifies reactions (1)-(4). Due to the pres-
ence of the buffering system in human blood and the exper-
iment, the pH is assumed to be constant (although there are
local changes in pH on the surface of the implant (Song and
Atrens, 2003)).
The model takes the following form (note that the equa-
tions below are limited to the medium subdomain Ω2):
∂ [Mg]
∂ t
= ∇
(
DeMg∇ [Mg]
)− k1 [Mg](1− FFmax
)
+ k2F [Cl]
2 ,
(7)
∂F
∂ t
= k1 [Mg]
(
1− F
Fmax
)
− k2F [Cl]2 , (8)
∂ [Cl]
∂ t
= ∇(DeCl∇ [Cl]) , (9)
where k1 and k2 are the reaction rates of the film forma-
tion (1–3) and film dissolution (4) respectively, Dec denotes
the effective diffusion coefficient of a specimen c and Fmax
is the maximum film concentration. In order to represent
the closed environment of the in vitro tests, equations (7–9)
were given zero-flux boundary conditions. The whole set-up
is shown schematically in Fig. 1.
The term k1 [Mg]
(
1− FFmax
)
responsible for the forma-
tion of the protective film is feasible only if F(x, t) ≤ Fmax.
However, for any x inside the domain, if F(x, t) = Fmax, then
∂F
∂ t (x, t) = −k2F(x, t)([Cl] (x, t))2 ≤ 0. It therefore follows
that if the initial conditions are such that F(x,0)≤ Fmax for
all x, then Equations (7) and (8) remain valid for all subse-
quent times t.
The initial conditions were chosen to reflect the exper-
imental setup from (Abidin et al., 2013). Hence [Mg] was
initially chosen to be Mgsat in the sample and 0 g/mm3 in
the medium. The initial condition for [Cl] was 0 g/mm3 in
the sample and 4.852× 10−5 g/mm3 in the medium. F is
taken to be 0 initially since no protective film is present on
the surface of the scaffold.
The effective diffusion coefficient is calculated using the
theory of diffusion in the porous medium. The Mg(OH)2
film forming on the implant surface is treated as a porous
material. In the absence of the film, a specimen c diffuses
with a diffusion coefficient Dc. If the film is fully saturated
(F = Fmax), the effective diffusion coefficient is ετDc (Grath-
wohl, 1998), where ε is the porosity and τ is the tortuosity of
the deposits. Linear interpolation between these two values
leads to the following expression for the effective diffusion
coefficient:
Dec = Dc
(
(1− F
Fmax
)+
F
Fmax
ε
τ
)
.
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It is assumed that the corrosion process is diffusion-
driven, which is justified in the case of HP magnesium as
the lack of impurities ensures that ion transfer is minimal
and that electrochemical corrosion is negligible. The mass
transport through the interface leads to the following condi-
tion for the shrinkage velocity (Grogan et al., 2014):
DeMg∇n[Mg]− (Mgsol−Mgsat)v= 0 , (10)
where Mgsol is the concentration of magnesium in the im-
plant, Mgsat is the concentration of magnesium at which the
solution saturates and ∇n denotes the directional derivative
in the direction n = −∇φ , i.e. along the outward pointing
normal to the interface.
Using the above relation, the level-set equation becomes
∂φ
∂ t
− D
e
Mg∇n[Mg]
Mgsol−Mgsat |∇φ |= 0 . (11)
2.4 Implementation of the model
The model was implemented using FreeFem++ soft-
ware (Hecht, 2012) and the finite element (FE) method was
used to numerically solve the system consisting of equa-
tions (6) and (7)– (9), a method previously used in (Guyot
et al., 2014; Wilder et al., 2015) in a similar context. Par-
aView was used to visualise the results.
The simulations were conducted using two different
two-dimensional geometries: (a) a solid Mg block used in
the fitting procedure (Fig. 3) and (b) a porous scaffold de-
rived from a nanofocus computed tomography scan (nano-
CT) (Lietaert et al., 2013) (Fig. 4).
The finite elements used were triangular and the func-
tions were approximated using first-order polynomials. An
adaptive grid was used since it produces stable results over
a larger range of parameters than a regular one. This is to
be expected as the key processes for degradation happen at
the scaffold-medium boundary and are hence strongly lo-
calised. The large size of the domain is necessary in order
to ensure that the solution does not saturate too quickly with
Mg as this would stop the degradation process. The built-in
FreeFem++ mesh adaptation routine was used.
The numbers of finite elements for (a) and (b) were
238072 and 839542 respectively. Such a high accuracy was
needed due to the low degradation rate of high purity (HP)
Mg, which also resulted in no remeshing being needed.
The timestep was taken to be 0.0125 day. Further de-
creasing the timestep in a convergence analysis had no ma-
jor influence on the outcome of the simulations.
It should be noted that some difficulties arose with the
calculation of the shrinkage velocity v at the interface. To
ensure the correct boundary condition at the interface, the
numerical scheme sets the value of [Mg] in the whole Ω+
subdomain associated with the sample (the exact concentra-
tion of [Mg] inside the scaffold is irrelevant for the simula-
tions). This is done by penalising the bilinear form associ-
ated with the variational formulation of Equation (7) inside
Ω+. This allows for non-conformity of the interface with
the mesh (as shown in Fig. 2). The fact that the interface
cuts through a finite element led to an overestimate of the
value of [Mg] at the nodes which lay just outside the Ω+
subdomain. To calculate the shrinkage velocity at a point on
the interface (Equation (11)), the values of ∇n[Mg] and DeMg
at a distance h along the outward pointing normal from the
interface are used, where h is the radius of the smallest ele-
ment in the mesh. This procedure is shown schematically in
Fig. 2.
The fact that the diffusion only happens outside the mag-
nesium block results in a jump in the diffusion coefficient at
the interface. Such jumps are likely to produce local oscil-
lations when numerical schemes are used. In order to over-
come this issue, a built-in FreeFem++ mass lumping option
qf1pTlump was used when computing the bilinear form as-
sociated with Equations (7) and (9). No oscillations were
present when this option was invoked.
2.5 Parameters
The values of the parameters used are summarised in Ta-
ble 1.
Data on the reaction rates k1 and k2 is, to the best of
the authors’ knowledge, non-existent in the literature. The
values of diffusion coefficients used by various authors of-
ten differ by as much as an order of magnitude. For example,
compare the values 0.2538−12.138mm2day from (Grogan et al.,
2014) with 60.912mm
2
day from (Sun et al., 2013) for the diffu-
sion coefficient of Mg. These four parameters were therefore
subject to a fitting procedure.
Data from (Abidin et al., 2013) was used in the calibra-
tion. This particular data set was chosen for the following
reasons: (i) the use of high purity magnesium ensures that
corrosion is mostly transport-based, and (ii) CO2 bubbling
is used to maintain constant pH. The exact experimental set-
up is given in (Abidin et al., 2013) and the fitting is discussed
in more detail in Section 3.
The values of the porosity and tortuosity of the
Mg(OH)2 protective film were reported in (Sun et al., 2013).
The value of Mgsolid is the density of Mg. Both Mgsolid and
the saturation concentration Mgsat are obtained from (Gro-
gan et al., 2014). The value of the maximum protective film
concentration is taken to be the density of Mg(OH)2 multi-
plied by the fraction of volume it occupies when treated as a
porous material, namely 1− ε .
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Table 1 Parameters for the model. The parameters marked with an asterisk were subject to a fitting procedure and the ranges within which they
were varied are shown in the Value column.
Parameter Unit Value Reference
∗k1 1day 0−10
∗k2 mm
6
day g2 10
4−1012
∗DMg mm
2
day 10
−5−1
∗DCl mm
2
day 10
−5−1
ε - 0.55 (Sun et al., 2013)
τ - 1 (Sun et al., 2013)
Mgsolid
g
mm3 1.735 10
−3 (Grogan et al., 2014)
Mgsat
g
mm3 1.34 10
−4 (Grogan et al., 2014)
Fmax
g
mm3 1.28953 10
−3
2.6 Measurement of the corrosion rate
The corrosion rate is measured by means of hydrogen for-
mation (or equivalently the weight loss). It can be seen from
reactions (1) and (2) that one mole of magnesium dissolved
corresponds to one mole of hydrogen formed. It is there-
fore common experimental practice to capture this gas and
assess the corrosion rate by measuring the amount of hydro-
gen formed. An obvious advantage of such an approach is
the ability to continuously measure the corrosion rate with-
out removing the species from the fluid (Xin et al., 2008). It
has however been reported that this slightly underestimates
the corrosion rate due to the fact that some of the hydrogen
may diffuse into the magnesium (Atrens and Winzer, 2006)
and this is not taken into the account in our model.
In the model, the amount of dissolved magnesium is
measured as follows: the initial amount of magnesium is
Mg0 =
∫
Ω+(0)
Mgsolid dV ,
where Ω+(t) = {x : φ(x, t)≥ 0}. Therefore the total mass
loss at time t is:
Mgt =
∫
Ω+(t)
Mgsolid dV −Mg0 .
The amount of hydrogen evolution Ht per square centime-
tre of exposed area, which is a value often measured during
experiments, is then calculated using the Ideal Gas Law:
Ht =
Mgt
Mgmol
RT
PA
,
where Mgmol is a molar mass of Mg (24.305
g
mol ), R
is the universal gas constant, T is absolute temperature
(310.15 K), P is the pressure (1 atm) and A is the initial
exposed area.
2.7 Objectives
The objective of this study was to develop a computational
framework which enables the modelling of the degradation
of Mg. The validity of the model was assessed by conduct-
ing simulations using two types of geometry. A solid Mg
block (Fig. 3) was used in order to calibrate the parameters
against the experimental results obtained in (Abidin et al.,
2013). A porous Mg scaffold (Fig. 4) was used to assess
the model’s performance in the more practical context of or-
thopaedic bioimplants.
The model’s emphasis is put on the process of forma-
tion/dissolution of the protective film, as it is a crucial pro-
cess in the degradation of Mg. The role of Cl− ions in the
dissolution of the protective film is taken into account, as
is the effect of the film on the diffusion. The model also
follows the release of Mg into the medium, as this is im-
portant for two reasons: (i) the concentration gradient at the
interface influences the dissolution rate, and (ii) the effect of
Mg2+ ions on the bone tissue growth inside the scaffold may
be investigated in the future.
The level-set method was used in order to be able to keep
track of very complicated geometries, which is crucial when
porous orthopaedic implants are involved.
3 Results
Four parameters (the reaction rates k1 and k2 and the diffu-
sion coefficients DMg and DCl) were varied within the ranges
indicated in Table 1. Given the spread of data in (Abidin
et al., 2013), two calibrations were conducted using two sep-
arate data sets A and B in order to validate that the model
is well-behaved over a large range of parameters. The ge-
ometry used in the fitting procedure (which represents the
cross-section of the actual sample) is shown in Fig. 3.
The least squares method was used in the fittings. Good
fits were obtained with the results shown in Fig. 5 (the mean
square distance errors were (A) A = 0.000955232 and (B)
0.028518). The exact values of the parameters obtained are
as follows: (A) k1 = 2, k2 = 1×109, DMg = 0.00075, DCl =
0.24 and (B) k1 = 0.3, k2 = 5.5×1010, DMg = 0.016, DCl =
0.24.
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The model’s aim is to replicate the formation of the pro-
tective film on the surface of the sample. The concentration
of the protective film at different times after immersion are
shown in Fig. 6 for the simple geometry.
Since porous Mg scaffold are of interest with regard to
orthopaedic applications, simulations were also conducted
for a cross-section of a porous HP Mg scaffold. The relevant
geometry is shown in Fig. 4. A part of the whole computa-
tional domain after 0, 2, 7 and 35 days after immersion is
presented in Fig. 7 to illustrate the degradation and forma-
tion of the protective film as predicted by the model. Due
to the extremely slow degradation of the HP Mg, full degra-
dation is not present even a year after immersion (result not
shown).
Changes in the geometry of the porous scaffold pre-
dicted by the model are shown in Fig. 7. The emphasis is
on the changes in topology, as these changes may severely
compromise the ability of an implant to maintain load.
Fig. 7 also shows the concentration of a protective film
on the surface of the porous implant at different times after
immersion. It is worth noting that due to the build-up of the
corrosion products and saturation of the solution with Mg,
the corrosion in small pores effectively stops.
Fig. 8 shows the hydrogen evolution as predicted by the
model for a porous scaffold. It can be seen that the hydro-
gen evolution rate is slightly faster in the case of a porous
implant than in the case of a solid block. The long-term hy-
drogen evolution is also shown.
4 Discussion and conclusion
A semi-quantitative model for the transport-based dissolu-
tion of Mg-based scaffolds in SBF was developed in this
study. The corrosion process for Mg was modelled using the
level-set method and a set of partial differential equations.
The aim was to provide an aid for the design and manufac-
turing of biodegradable implants. Due to the lack of data on
the reaction rates k1 and k2, and the diffusion coefficients,
two calibration procedures were conducted using data re-
ported in the literature (Abidin et al., 2013). The model pro-
duces reasonable results over a relatively wide range of pa-
rameters, as listed in Table 1. The ability of the model to
handle complex geometries in the context of porous im-
plants was then tested. A long-term simulation was con-
ducted using a nano-CT scan of the cross-section of a porous
scaffold.
The parameters were successfully adjusted to fit the
experimental data for the corrosion of high purity Mg
from (Abidin et al., 2013). This shows that the model is
likely to be a reasonable approximation of the actual pro-
cesses taking place on the sample-medium boundary. The
model correctly simulates the formation of a protective film
on the surface of the scaffold, which effectively inhibits the
corrosion rate. The film is usually formed within 1–5 days of
immersion in SBF after which the corrosion rate is reported
to be about 4–10 times lower than it was initially (Hofstetter
et al., 2014; Wen et al., 2009; Xin et al., 2008).
The model described in this study significantly differs
from other models present in the literature which are based
on the CD theory, e.g. (Gastaldi et al., 2011) and (Grogan
et al., 2011). A common feature of these models is a phe-
nomenological approach to the transport and galvanic cor-
rosion - none of them attempts to describe the underlying
physical processes. CD models mainly focus on the mechan-
ical integrity of the implant and its ability to maintain load.
Our study is different in its nature – its aim is not only to
make predictions about the degradation rate, but also to pro-
vide some insight into the actual chemical processes occur-
ring at the scaffold-medium boundary, such as the precipi-
tation of the corrosion products. The release of ions into the
medium is also considered. The ion release is of importance
to the biological processes taking place inside the pores of
orthopaedic implants, e.g. Mg2+ ions enhance bone tissue
growth (Xin et al., 2011).
One of the advantages of the CD models is that they can
easily include corrosion mechanisms from different sources
(i.e. transport, micro- and macrogalvanic and stress crack-
ing corrosion). Our model ignores sources of degradation
other than transport-based ones, which limits its applicabil-
ity. The model may nevertheless in the future replace the
phenomenological approach and serve as one of the building
blocks for the scalar damage field used in the CD models.
The use of the level-set method allows the tracking of
very complex geometries, which makes the model easily ap-
plicable to porous orthopaedic implants. The model shows
little difference in the degradation rate between the porous
and solid geometries, and a possible direct application of the
model includes an investigation of the degradation rate as a
function of pore size. It is likely that a stagnant solution in-
side very small pores may saturate quickly with Mg ions or
become filled with the corrosion products. This may effec-
tively stop the degradation inside the pores and decrease the
overall corrosion rate.
Only two-dimensional simulations were performed in
this study. In line with (Nava et al., 2013), we therefore ex-
pect the parameter values listed in Table 1 to be different
for a three-dimensional model and hence another calibra-
tion would be required if the model were applied to a three-
dimensional mesh.
More experimental work is needed in order to estimate
the reaction rates k1 and k2. An experiment which could be
used to obtain their values would measure the corrosion rate
of HP Mg in a buffered solution with different Cl− ion con-
centrations. The degradation rate of the sample and the con-
centration of Mg2+ ions in the medium could then be mea-
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sured. Based on this, the amount of Mg used to form the
protective film could be estimated, which would then lead
to estimates of the reaction rates.
The fitting used in vitro experimental data and the in-
fluence of the organic components present in vivo was not
taken into account. It is hypothesised, for example, that pro-
teins and amino-acids form another thin layer on the im-
plant’s surface which affects the corrosion process (the ex-
act response depends on the material). For a review of other
issues regarding the in vivo–in vitro gap, see (Sanchez et al.,
2015).
As mentioned in Section 2.5, data on the diffusion coef-
ficients in the literature is scarce. The value of DMg plays a
key role in the degradation rate. The verification of the as-
sumption that in the case of HPMg the degradation is mainly
transport-driven would require an experiment to measure the
values of DMg in SBF. Experimentally determined values of
the diffusion coefficients would also increase the ability of
the model to make more accurate quantitative predictions.
It is important to note that the diffusion coefficient DMg
of Mg obtained in each of the calibrations shown in Fig. 5
differs by 3–4 orders of magnitude from the values reported
in the literature. The values used by other authors, however,
are typically based on experiments in salt water rather than
SBF. SBF usually contains other ions in addition to Na and
Cl, which may explain this difference.
The rates of the reactions involved in the corrosion pro-
cess are not available in the literature, hence the ability of
the model to predict the corrosion rate is limited. The quan-
titative results should therefore be treated with caution.
In terms of possible improvement, it is worth noting that
the model assumes a constant pH, which is partially jus-
tified by the presence of pH buffers in blood and often in
SBF. In the experimental data used in this study, the value
of the pH was maintained constant. Nevertheless, it is re-
ported in (Song and Atrens, 2003) that the local pH changes
on the sample surface favour the formation of the Mg(OH)2
protective film. The next step in the development of the
model may therefore involve including the effects of these
pH changes on the degradation rate. This would probably
involve the introduction of an additional equation for pH,
which would not only increase the computational complex-
ity, but would also increase the number of parameters in the
model. The terms involved in the equation for pH would also
be likely to be experiment-specific, as the methods used to
maintain the pH vary between different experimental setups.
To the best of the authors’ knowledge, the model pre-
sented in this study is one of the first attempts to model the
transport-based degradation of Mg which emphasises the ef-
fects of formation/dissolution of the protective film. No ded-
icated experiments were performed to estimate the values of
the parameters, hence this study is to be treated as of a qual-
itative nature.
The model offers a basic framework for assessing the in
vitro degradation rate of Mg, and may be used to simulate
the degradation behaviour of Mg implants with complex ge-
ometries. In cases when the implant is needed to provide
support for the surrounding tissue for only a certain period
of time, the model may serve as an aid for the design of
scaffolds which possess the required mechanical properties,
while also staying under a specified limit of release prod-
ucts. The results obtained in this study allow the conduction
of in silico tests prior to the manufacturing phase and also
provide a framework for further investigation of the elec-
trochemical processes responsible for the corrosion of Mg.
Overall, this study provides important information on the
dynamics of the evolution of the scaffold geometry.
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Fig. 1 A one-dimensional schematic diagram of the sample-medium boundary where φ denotes the level-set function. The concentration of Mg
(solid black line) inside the scaffold is taken to be Mgsat to ensure the correct boundary condition at the interface. The protective film F (grey
dashed line) forms inside the medium and provides a barrier to corrosion by decreasing the diffusion coefficient. The interface moves at a velocity
v. Cl is omitted from the diagram for clarity.
Fig. 2 A schematic figure of the process of calculating the shrinkage velocity. The interface between the solid Mg block (grey) and the medium
(white) is marked with a solid black line. The implementation of the boundary condition allows for a non-conformity between the interface and the
mesh. The symbol n denotes a normal direction at point P on the interface. Points A and B are at a distance h and 2h from the interface respectively
and are used in the calculation of ∇n[Mg].
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Fig. 3 (a) The geometry of a cross-section of the sample used in the experiments in (Abidin et al., 2013). By symmetry, only a quarter of the
cross-section is considered. (b) The associated mesh used in calibration procedure.
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Fig. 4 A porous scaffold (black) geometry used in the simulations. The geometry was obtained from a nano-CT image from (Lietaert et al., 2013).
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Fig. 5 Hydrogen formation plotted against immersion time. Best fits (grey) to two of the sets of experimental data (black) from (Abidin et al.,
2013) are shown.
Fig. 6 The protective film formation predicted by the model. Starting with no film at t = 0 days (a), a thin protective layer (arrow) is visible after
t = 7 days of immersion (b).
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Fig. 7 The changes in topology ((a)-(d)) and the protective film formed ((e), (f)) are shown for a magnified region (red box) of the porous implant
as predicted by the simulations. Changes in topology at (a) t=0, (b) t=2, (c) t=7, (d) t=35 days of immersion are marked by red circles. Subfigures
(e) and (f) show the concentration of the protective film (white arrow) at t=14 and t=28 days of immersion respectively.
Mathematical modelling of the degradation behaviour of biodegradable metals 13
Fig. 8 A graph of the hydrogen evolution for the porous scaffold (grey diamonds) as predicted by the model. The parameter values used are the
ones obtained from the fit to the dataset (A). The hydrogen evolution for a solid block (black circles) over the first 7 days is shown for comparison.
14 P. Bajger et al.
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